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OK  THE  TRANSFORMATION  OF  SLOW  BURNING 
INTO  DETONATION 

-  USSR  - 

/Following  is  a  translation  of  the  arti¬ 
cle  entitled  n0  perekhode  medlennogo 
goreniya  v  detonatsiyu"  (English  version 
above)  by  K.  I.  Shchelkin  in  Zhuraal  Ekgr 
nft-pi  mental 1  nov  i  Teoreticheskoy  Fiziki 
(Journal  of  Experimental  and  Theoretical 
Physics)  ,  Vol  24*,  No  5*  Moscow,  May  1953 * 
pages  589-600^7 

This  present  paper  deals  with  the  elementary  the- 
orv  of  transformation  of  slow  burning  into  detonation  m 
tubes.  It  is  shown  in  this  paper  that  the  basic  cause 
of  pre-detonational  acceleration  of  buring  m  tubes  lies 
in  the  effect  of  the  movement  of  unburned  gas  on  the 
burning,  and,  first  of  all,  the  effect  of  the  turbulence 
of  this  gas  upon  the  velocity  of  the  flame. 

Introduction 

Certain  considerations  about  the  mechanism  of  the 
pre-detonational  acceleration  of  theme  have  been  recent¬ 
ly  published  (1).  These  considerations  were  subjected 

to  justifiable  criticism  (2),  with  which  we  can  only 
ioin.  At  the  same  time  it  must  be  admitted  that  the 
mechanism  of  acceleration  due  to  the  turbulence  of  gas 
against  which  several  arguments  had  been  presented  m 
the  above-mentioned  study  (1),  and,  in  general,  the  pro¬ 
blem  of  the  transformation  of  slow  burning  into  detona¬ 
tion  in  tubes  is  not  treated  in  any  detail  anywhere, 
while  certain  details  of  this  process  have  not  been  dis¬ 
cussed  at  all.  Such  a  situation  leads,  as  practical  ex- 
pwrience  shows,  to  misunderstandings.  In  connection 
with  this,  an  attempt  is  being  made  later  m  this  paper 
L  J 
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r  4.  frPfltmpnt  of  the  fundamentals  of  the 

^  elementary  ^  oTll^Mon  of  slow  burning  in- 
to  detonation  into  tubes. 

The  Basic  Kinds  of  the  .Propagation  of  Burni.ng_.in 
- -  Gas  Mixtures 

There  are  two  basic  methods  of  the  Pr°PaS^ion  _ 
‘  f  fl^erntoa?ayef  dueSU  hfatPconduct?vi?rand  diffus- 

oline  fumes,  etc.)  at  a  foSnfin  air  mix- 

imeters  per  second . inA^hiJh  the  Velocity  of  propagation 
^considerably  greater  than  that  in  other  mixtures;  in 

S3HiiplB?r 

the  same  fuels  and  reach  10  1  /  ,  flat  front 

The  velocity  of  the  propagation  of  the  iiaj 
.f  tbe  flame  in  relation  to  the  immobile  gas,  which  was 

co-chemical  constant  of  the  J?-X™re  .  -  mixtUre,  depends 

SS  j£i?rs 


The  gist  of  the  matter  is  that  usually  the  velo- 

nfr?  ^rlf^et^inluhS:  ZlleX  it- 
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r  :t“ 

SrSSVrilofalel  &SS&  SSSxSg: 

il  a  result  of  this  and  tota^amount^f^as^s^n^ 

creased  in  the  Process,  1  e  ,  flame  propaga- 

-  So^hTU^t^  £  e?erinedonot  ' 

normal  velocity  of  the  flam  ^  ^  forward,  and  hy 

!£evfloc?tf  of°°the  penetration  of  unhurned  gas  hy 

those  fgpyec?“nSo^rents ,  lurhulence ^jets^of ^as 

S5^r Negrete  tL  ongustion*  *«»«**£ 

“lt1SSSt  he  borne  in  mind  that  comhus- 
gat  ion  of  flame*  lhp  radiation  of  great  quanti- 

tion  is  accompanied  by  th  &  expansion  of  the  burn- 

ties  of  heat,  which  call  10  masses  of  unburned  gas. 
ing  gases  and  »  “  °  /^L,  especially  innon- 

Therefore,  m  the  process  conditions  of  furnac- 

«cbwhfh  tSb  i  t SSfensS  isr-rs 

the  propagation  It  the  flames  reached  many  tens  and  ev¬ 
en  many  hundreds  of  “®^s  per  |®“°“0Ting^ '  environment 

S“S  " 's^Str-HraB-WS 

propagation  of  burning  in  the  moving  gas  takes  place^ 
dUe  bd  ^wSdnspSnginB°into  existence  of’focal  points 

gaS  ’  tbCertSneSgSittclncermJyeiiralso  i»JhAncrease 

oj  ^f^rSrturSfenc^is'imalfe?  ^“o^Sparable 

t  to!  ISe^idth  o?“one  of  normal  burning,  which  J 
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r amounts  to  fractions  of  a  millimeter  at  normal  pressure 
and  for  usual  mixtures.  In  that  case,  as  a  result  oi 
movement  of  gas,  the  normal  velocity  of  the  movement  of 
flame  increases.  It  follows  from  all  that  has  been  said 
so  far,  that  we  may  not  examine  the  process  of  flame  pro¬ 
pagation  outside  of  realistic  conditions  m  which  it 
takes  place,  and  particularly,  we  may  not  examine  it  di¬ 
vorced  from  the  conditions  of  the  movement  of  unturned 

“  eras .  which  originates  in  the  course  of  "burning. 

Detonational  burning  in  smooth  tubes  propagates 
with  a  fully  definite  constant  velocity  in  each  gas  mix¬ 
ture:  the  size  of  this  velocity  for  different  gas  mix¬ 
tures  lies  within  limits  of  1.7  to  5*5  km/sec  and  can 
be  computed  from  formulas  of  the  gasodynamic  theory  of 

detonatio  mention  two  forms  of  detonational  com¬ 

bustion  in  -:tubes  which  are  distinctive  in  their  mechan¬ 
ism  of  the  propagation  of  burning:  spinal  detonation 
and  detonation  in  tubes  with  coarse  inner  surfaces.  In 
the  former,  as  well  as  in  some  cases  of  the  latter,  tne 
ignition  of  the  gas  mixtures  occurs  on  a  relatively 
small  surface  and  not  across  the  whole  cross-section  of 
the  tube,  as  happens  in  the  case  of  a  common  detonation. 

In  the  case  of  the  spinal  detonation,  the  ignition  of 
gps  occurs  at  the  oblique  rapid  change  of  compression 
—  at  the  break-point  of  the  impact  wave  (5)»  while  in 
the  case  of  a  detonation  in  coarse-surfaced  tubes,  in 
Diaces  where  the  wave  impacts  against  the  point  of 
coarseness  (6).  The  burning-up  of  the  remaining  gas 
in  both  cases  proceeds  comparatively  slowly  (m  t 
turbulent  wake)  over  one  or  two  and,  possibly,  more 

diameters  of  the  tube.  _  ,  ,  „ 

Despite  a  certain  difference  m  their  method  of 
propagation,  all  forms  of  detonation  do  not  subs t anti- 
ally  differ  from  each  other  with  regard  to  their  form- 
ation.  For  the  formation  of  a  detonation  of  any  type 
the  existence  of  a  powerful  disruption,  of  a  strong  im¬ 
pact  wave,  is  necessary. 

A  powerful  impact  wave,  and  consequently,  the 
detonational  burning  as  well  may,  in  certain  cases, 
come  into  existence  as  a  result  of  acceleration  of 
slow  burning.  The  task  of  the  theory  of  transforms- 
tion  of  slow  burning  into  detonation,  to  which,  m  part¬ 
icular,  this  present  work  is  devoted,  lies  in  the  discov¬ 
ery  of  causes  which  determine  the  transformation  of  s  o 

burning,  which  propagates  at  the^  I^the1116  " 

ers  per  second,  into  detonation;  in  other  f  i 

[discovery  of  causes  which  bring  about  as  a  result  of  J 
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r combustion  the  creation  of  an  impact  wave  which  ignites 
the  gas  mixture  and  effects  the  detonation. 

The  Formation  of  Tmpact  Wave  in  the  lube 

In  order  to  have  a  detonation  appear,  it  is  nec¬ 
essary,  as  may  he  concluded  from  the  preceding  section, 
first  of  all  to  have  formed  an  impact  wave  capable  of 
-  i  smiting-  the  gas  through  shock-compression.  Usually 
this  requires  a  temperature  in  the  front  of  the  wave 
equal  to  several  hundreds  of  degrees,  and  a  pressure 
5  10-20  kscm/cm^.  Since  we  are  concerned  now  with  the 
transformation  of  slow  burning  into  detonation,  and 
with  the  detonation,  which  comes  into /^So^the  effect 

of  sr'f  -  * 

we  must  turn  to  the  general  case  of  the  appearance  of 
the  impact  wave  under  the  influence  of  slow  pro 


Figure  1  /Right-hand  column  of  letters 
read,  top  to  bottom,  B,a,x,d,x,v,x. ; 

Gasodynamics  tells  us  that  if  the  piston  moves 

°fdtheio°c?^nonasf  PItSSee;ointPofS^pti»  olU- 

Str/Si* U  c  :  v^ic^xpands  in  f  .  m.etxon, 

iSS-i.  pg.. J 

ated  movement  of  the  piston  (line  0-A) .  ihe  prooiei  j 

L«- 
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rb$%heVmeSo4°ofSSaracSristlL!’!eDii?uptioS  occurs  at 
point  B;  from  here  there  originates  the  wavem 

whi°h  the  the^ross-sections  situated 

origin  r>iston  but  the  temperature  of  the  impact 

^ave^s  higher!  ae’parLe?er  o/the  impact  wave  may 
be  easily  computed  for  the  case  of  deliberate  disrup 

'  l0n  (7)in  figure  1  b  and  v  schematically  represent  the 
fli  <?tribution"of  pressures  at  moments  ti.ancL.tB 
the  moment  ?B  thLe  is  formed  a  disruption  in  the  con- 
■Mmvitv  of  °  conditions  and  velocities,  me  graauax 
of  pressure  transforms,  itself  into  an  abrupt 
SmJJiSS  be?auK  the  compression  in  each  cross-section 
of  the  tube  expands  at  an  ever  higher  velocity,  *£2! 
Uona •  to  the  proximity  to  the  piston.  ^s0f  soSnl ’ at 

whichecoSpreSion°Sithout  impact  propagates  is  higher 
jhe e|-ai%=nressed,tand  co-^ntly ^th^ 

more  it  i  »  velocity  of  the  movmment  of  the 

TJt hroSh  whic^ the  compression  expands  increases 
S??h  the  legree  of  proximity  to  the  piston..  As  a  con- 
leouence  of  those  causes  which  have  been  pointed, out, 
from6 the  gradual  shifting  of  pressure  there  originates 
the  disruption,  and  from  the  disruption  —  the  impact 

WaVe*  All  characteristics  which  deviate  from  the  line 

representing  the  movement ^of  the^iston^^verge^n 

Une  is  at  Sind  Consequently ,  the  elementary  waves 

to  a  disruption  in  one  cross-section  (as  is  shown  i 
figure  1,  v)  only  in  the  case  of  a  definite  distrmu 
nrproure  in  front  of  the  piston  (7)*  In  the 
tion  of  ^  arbitrary  distribution  of  pressure, 

SHH  %  ri  r 

S Si 

ihi  f St  more  or  less  powerful  disruption  occurs  at 
.  .  -|  ax  this  noint  the  impact  wave  is  formed,  the 

velocity  of  the  disturbance,  which  propagates  through 
velocity  ux  t  In  the  sector  1-2,  called 

III  IScw-vSion  of  characteristics ,  the  initial  wave 
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Figure  2 

of  imuact  is  overtaken  by  the  following  waves  of  C°J" 

oression,  and  it  velocity  gradually  increases.  Install- 

of  another  type  of  a  gradual  enhancing  of  th 

disruption  are  possible  also,  they  are  represented  by 

j-hp  circumvention  of  characteristics  of  onner  si^t. 
the  circumven^  ^  ^  ^  ^  moveeent  of 

o-as  in  front  of  the  accelerating  piston.  In  the  case 
nf  fhp  movement  of  the  piston  at  a  constant  velocity, 
of  the  m  piston  will  move  at  the  same  con¬ 

gas  in  front  of  the  pisron  ^  determine  the  pressure 

ofaSheVmo?iis  ani  compressed  gas  by  taking  advantage 
of  the  equations  of  the  conservation  of  maaaand  of 
motion  written  for  the  case  represented  m  figur  5- 
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Figure  5 
(c-w)  1  -  ^0c; 
(c-w)  -jW  =P1-P0  » 


(1) 

(2) 


lere  c  is  the  velocity  of  the  expansion  of  the  dis¬ 
tance  front  (for  weak  waves  this  is  tke.sP®ed  ? 
irD^  „  -i  o  thp  vclocitv  of  gas  movement  in  front  of 
mn1hj  ”  and  p  are  the  pressures  of  compressed 
£  £n-e^essedV"  ^  are  the  correspond- 

nE  ien!romeequations  (1)  and  (2)  it  follows  that 

A  .  I  n 
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the  pressure  depends  linearly  on  the  velocity  of  the 
Kas  movement.  Constant  pressure  corresponds  to  aeon- 
stant  velocity.  To  obtain  a  higher  pressure,  a  higher 
velocity  of  gas,  and  consequently,  of  the  piston  xs 

needed «  .  , 

It  is  clear  from  all  that  has  been  said  above 

that  for  the  formation  of  a  more  or  less  powerful  im¬ 
pact  wave  at  low  (below  the  speed  of  sound)  velocities 
of  the  piston  movement,  it  is  necessary  for  the  piston 
to  move  under  acceleration. 

The  Impact  Wave  in  Front  of  the  Flame 

Let  us  assume  that  the  flame  is  expanding  in  an 
infinitely  long  tube,  which  is  closed  on  one  side,  from 
the  closed  end  in  the  direction  of  the  open  end  (figure 
4). 
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Figure  4 

In  order  to  determine  the  pressure  in  front  of  the 
flame,  we  may,  in  the  same  manner  as  earlier  m  the 
case  of  the  piston,  make  use  of  the  equations  of  the 
conservation  of  mass  and  of  motion: 

/Z  -  (u  +  W27?!  +  (u  +  w)(>2  =  c  0  » 

/Z  -  (u  +  w27^w  =  ?2  "  po  ’  ^ 

where  u  is  the  flame  velocity  in  relation  to  the  un¬ 
burned  gas,  p2  is  the  pressure,  and  is  the  density 

From  equations  (4)  and  (5)  w®  a"k  once  obtain 
the  expression  for  pressure,  the  form  of  which  depends 
on  neither  the  equations  of  the  states  of  the  burned 
and  the  unburned  gases ,  nor  on  the  quantity  of  energy 
given  off  in  burning: 

p4  -  pi  =  f0wc  -  £>2(u  +  w^w* 

In  that  case,  when  flame  velocity  and  gas  vel¬ 
ocity  in  front  of  the  flame  are  small  compared  to  the 
speed  of  sound  we  may  ignore  the  second  term  of  the 
right-hand  part  of  expression  (6).  Neglecting  the  seccndj 
Lterm,  generally  speaking,  is  acceptable  even  if  u  +  w  J 
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r  is  quantiat lively  comparable  to  the  spaed  o^sound^he-l 
IrTei  Mllle?SthL°the  density  of  thehnburned  and  un- 
disturhed^as^^  of  ^  burned  gas  P2  can  be  regard¬ 
ed,  with  sufficient  exactness,  as  equ; al  ^  *ssi?n  (6), 

Of  gas  Pl  moving  term  of  the  right- 

.  ianf partW|ntahJve^quated  p,  and  P^,  is  trjngj««J 
lsfr°e  Sin^the  speed  of  w. 


p2  ”  Pq ^  ^1  “  Pc*  'PoCW 


(3a) 


m-u/a  -pi  omp  moving;  R*fc  tb.6  velocity  of  u.  +  w*  T? 
lative  TthoetS"V1o/the  tube , «.£•• ^ah ead  of^its 
front  the  same  pressure  a  th  t  e  ^  equal  pressure, 
moving  at  the  velocity  w.  walls  of  the  tube 

the  flame  velocity  relative  to  ™t“^locity,  in 

must  be  higher  compared  p  be  likened  to  the 

view  of  the  fact  that  the  fiame  may  -LJ*aves  behind 

piston  which  allows  to  pass  t  determined  by  density 
V^V^hHisL^  ^neff^e  olosJd  end  of 

Because  only  one^  fully  ^^^jlnit^flame 
the  current,  w,  cfn<ac^r®^°?iame  velocity  has  only 

velocity,  each  value  of  the  fla  of  pressure.  From  this 
one  corresponding  defmi  gradual  increase  of 

it  follows  that  we  oa£n  f,  e  front  without  changing 

pressure  i“  fr?nL°ff^e  rlllti«  to  the  gas,  u,  and 
the  velocity  of  the  liame  doing.  Because 

not  changing  the  accelerltion  of 

of  this  we  must  necessarily  have^ an  ^  order  to  Qb_ 

the  flame  relative  to  ^ur  d  g  ^  f rQnt  of  the 
tain  a  gradual  increase of  such  an  acceleration, 

the^transf ormation  of  slow  burning y^consist^orthe8 
ne?dS!obftnd  the  «Se»°SI  SonditiJna  of  the  existence 
Of  flame  acceleration. 

examinefXn  S^^SHSr 
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ris  capable  of  accelerating  the  burning.  Let  us  examine 
from  this  viewpoint  the  movement  f^nth°  gas 

“^“a^the^fos^enroflhelutS!  Ann0;LwhelLng 
portion  of  experimental  material  belongs  to  this  simple 

Case*  rt  was  shown  earlier  (8)  that  in  all  cases  with¬ 
out  exception  when  burning  is  transf< orme ^  ^  d^°^10n’  ' 
"  the  dimensionless  inter-relationship  (similar  to  tne 
Reynolds'  nSmber  Re) ,  consisting  of  the  normal  flame 
velocity  u„,  the  diamterr  of  the  tube  D,  and  thehine 
matic  viscosity  of  the  mixture  V%  exceeds  the  critica 
value  characteristic  for  the  transformation  of  the  lam- 
inar  flow  into  a  turbulent  on©*- 

Re  =  uH  D/V  Recr  •  (7) 

Tn  the  borderline  cases  of  the  transformation  of  slow 
burning;  into  detonation,  this  number  —  in  terms  of 
the  mixture  composition  and  in  terms  of  the  pressure 
—  is  equal  to  the  critical  value,  and  : in  does 

those  compounds  and  pressures,  at  which  de 
not  take  place,  it  is  below  the  critical*  Using 

lp  nresented  above,  it  was  possible  to  compute  the 
values  of  the  limits  of  the  transformation  of  slow  burn- 

llitli  Ta^noSdf  that  KL'IhfflSTv.loeitj 

ZS?  S5S2?  fS  ic5g% 

erroneously  and  no  precise  figures  were  presented, 
general  the  problem  of  the  limits  of  the  transformation 
till  burning  into  detonation  had  not  been  analyzed 
to  completion.  Later,  Zel'dovich  (9)  computed  the  size 
of  the  er£r  In  the  definition  of  the  numbers. 

It  may  be  assumed  (on  the  basis  of  the  law  . 
the  conservation  of  matter),  that  in: instances* 

Son  at  the  closed  end  of  the  tube  the  velocity  of  the. 
movement  of  unburned  gas  is  related  to  the  fla 

lty:  w  =  C(TT-  l)uH  , 

s;s  vs.ss.'Sf  i¥'Sf 

L&  SmT-tu^XL^?  AieiX?^  *and  J 
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the  burning) ,  and  C  is  the  multiplier,  which  ac- 
counts  for  the1 effect  of  irregular  distribution  of  vel¬ 
ocities  in  the  tube  along  the  radius  on  the  velocity  of 
propagation  of  the  flame,  which  multiplier  is  equal  to 
the  ratio  of  the  surface  area,  which  circumscribes 
flame  front,  to  the  cross-section  area  of  the  tube. 

If  in  computing  the  Reynolds'  number,  we  do  not 
use  the  normal  flame  velocity,  Ug,  but  the  velocity  of  _ 
-  eas  w.  then  all  of  the  Reynolds  numbers ,  discussed 
above ,  will  increase  by  five  to  fifteen  times,  and  the 
basic  postulate,  expressed  in  the  study  (8),  that  in 
the  transformation  of  slow  burning  into  detonation  the 
Reynolds1  numbers  of  the  gas  stream  xn  front  of  the  t 
flame  always  exceed  the  critical  volume ,  wiH  become 
even  more  convincing.  Along  the  borderlines  of  the 
transformation  of  slow  burning  into. detonation,  the 
numbers  will  not  be  equal  to  the  critical  volume,  as_ 
wac  the  case  in  the  computations  when,  in  the  expres 
sion  for  the  Reynolds'  numbers,  the  normal  flame  veloc¬ 
ity  is  substituted  for  the  velocity  of  the  gas,  but 
the  former  numbers  will  also  exceed  the. critical  value 
by  five  to  ten  times.  In  the  result,  without  touching 
upon  the  problem  of  the  limits  of  the  transformation 

of  slow  burning  into  detonation,  the  basic ^^burni ng 
may  be  made  that  in  the  transformation  of  slow  burning 
into  detonation  the  stream  of  unburned  gas,  on  ^hic 
the  accelerating  flame  propagates,  must  always  and  un¬ 
avoidably  become  turbulent.  It  is  amazing  that  cert a 
authors  (9,10),  while  mentioning  the  ®J*or  in  the  com- 
nutation  of  the  Reynolds’  numbers  m  regard  to  the  argu 
ments  against  the  mechanism  of  transformation  of  slow 
burning  into  detonation,  which  has  the  principal  role 
In  thif  process  of  turbulence,  do  not  mention  the  fact 
that  a  correction  of  the  error  in  the  comp uba^2n0f  the 
the  Reynolds'  numbers  of  the  gas  stream  m  front  of  the 
flame  does  not  lead  to  a  weakening,  but  rather  to  a 
strengthening  of  the  status  of  the  theory  of  pre-deton- 
ational  acceleration  of  burning,  against  which  they  ar- 

SUe*  Thus,  the  stream  of  unburned  gas  in  front  of  the 
flame  cannot  but  become  turbulent,  and  having 
bulent  it  cannot  fail  to  accelerate  burning.  The  accel¬ 
eration  of  burning,  in  its  own  turn,  *5e0Jel“ 

ocity  of  the  stream  and,  consequently,  the  extent  of 

the  turbulent  pulsations  of  v®lo<rlty ’ 11  to 

lead  —  when  the  length  of  the  tube  is  sufficient  —  to 
a  new  gradual  increase  of  velocity  in  the  flame,  as  a 
LresultSof  which  the  burning  will  acquire  self-accelera- J 
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rti°n*  nve  fact  that  the  Reynolds'  numbers  of  the 

critical^valuerdoes^not"Lstandnas0thetLonlyaf  act^hich 

proves  that  turbulence  plays  an  important  “  ^ite 

pre-detonational  acceleration  ^“decisive 

lm??o£aof  tSbSlenS  In  the  process  Sf  the  acceleration 

■  SSSSSSsnyys  s&sr- 

sr«2  ss  SSE- 

lepIesents^e^srpoLnt  w^y  of  acting  upon  the  trans- 

f0rmatiSS  other^Slucfeedfln"!^  tie.  point 
of  origin  ol  the  detonation  in  tie  tube  to  the  point  of 

complished°by°means  SySTclIrsenesJof  L  tube  walls, 

?||  principal  role  injto to  SSlnce. 

!SSSHM^o^e93BS-of 

oriKin  of  the  detonation  nearer  to  the  P?^  .  J-fr-.  v 

H°£.  wive  S?ni2paSCSf°frS5t  of  the  fame  is  increased 

«  iLeirioIt  ers?ir“nSi  “ve'wheifnot  re¬ 
plying  taKes  Place.  cThus  fully  iaet^ontention^osses- 

r“llSllre  Indlld”  in  ISch  cases,  any  obstacle  which 
LeI“leS  point  If  lllgin  Tl  theSdetonation  to  the  point 
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r of  ignition.  Thus,  the  long-known  considerations  con-  ; 
i  Cerned  with  the  role  of  the  repulsion  of  the  impact 
wave  from  obstacles  in  the  process  of  the  formation  of 
the  detonation  must  be  taken  into  consideration  in  the 
examination  of  the  last  stage  of  the  process  of  the 
formation  of  the  detonation;  but  these  considerations 
cannot  be  regarded  as  serious  arguments  opposed  to  the 
mechanism  of  the  acceleration  of  burning,  which  mechan- 
-  ism  ascribes  the  principal  role  in  the  acceleration  of 
burning, to  the  turbulence  of  gas  in  front  of  the  flame, 
because  these  arguments  do  not  have  any  relation  to  it 
at  all.  This  becomes  particularily  clear  if  we  remem¬ 
ber  that  flames  in  coarse  tubes  accelerate  up  to  hun¬ 
dreds  of  meters  per  second  even  in  gas  mixtures  incap¬ 
able  of  detonating  (4),  i «.,  in  such  mixtures  which 
are  not  ignited  by  compression  in  the  wave  of  impact  and 
for  which  the  contention  that  in  coarse  tubes  the  deton¬ 
ation  occurs  closer  to  the  point  of  ignition  due  to  the 
repulsion  of  the  impact  wave  from  the  coarseness,  does 

not  have  any  meaning  at  all. 

In  the  light  of  all  that  has  been  said  so  far 
it  is  clear  that  the  question  of  the  accelerating  effect 
of  the  movement  of  gas  and,  more  precisely,  of  turbu¬ 
lence  upon  burning  in  the  pre-detonational  burning  can¬ 
not  occasion  doubts.  From  the  fact  that  the  unburned 
gas  in  front  of  the  slow-burning  front,  in  the  trans- 
formatinn  into  detonation,  is  always  more  turbulent,  as 
well  as  from  the  fact  that  the  coarseness  of  the  tube 
walls,  as  pointed  out  above,  exerts  the  most  powerful 
accelerating  influence  upon  the  origin  of  the  detonation 
and  upon  the  acceleration  of  the  burning  in  general, 
we  may  deduce  that  the  aerodynamic  aactors  are  the  most 
decisive  ones  in  the  process  of  the  transformation  of 
slow  burning  into  detonation.  However,  fora  final 
■judgment  of  the  mechanism  of  acceleration,  it  is  nec- 
essary  to  examine,  from  the  aerodynamic  viewpoint,  t  e 
basic  regularities  of  this  process  and  to  compare  the 
conclusions  with  the  experimental  material. 

Tic  termination  of  the  Distance  between  the  Point 
"of  Ignition  and  the  Point  of Origin  of  the 
Detonation 

The  distance  between  the  point  of  ignition  and 
the  point  of  origin  of  the  detonation  may  be  evaluated 
approximately  for  cases  of  ignition  of  the  gas  mixture 
at  the  closed  end  of  the  tube,  as  being  the  distance 
^ within  which  the  wave  of  impact  in  front  of  the  piston  j 
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***is  formed;  the  piston  accelerates  in  confirmity  with 
!  the  same  law  which  in  reality  governs  the  acceleration 
of  the  flame.  Because  at  equal  velocities  of  the  pis¬ 
ton  and  the  flame,  the  velocity  of  the  gas  movement  in 
front  of  the  flame,  is  higher  than  the  gas  velocity  in 
front  of  the  flame,  the  distance  from  the  point  of  ig¬ 
nition  to  the  point  of  origin  of  the  detonation,  as 
determined  in  the  above-noted  approximation,  will  be 
-  much  shorter  than  in  reality.  However,  in  view  of  the 
fact  that  the  distance  from  the  point  of  ignition  to 
the  point  of  origin  of  the  detonation  is  determined  be¬ 
low  with  an  exactness  up  to  the  precision  of  the  cons¬ 
tant  multiplier,  this  deviation  is  not  substantial. 

In  the  general  case,  the  impact  wave  m  front 
of  the  accelerating  piston,  having  formed  itself  in 
the  cross-section  of  the  tube  corresponding  to  point  1 
in  the  area  x-t  (figure  2),  gradually  becomes  stronger 
along  the  path  between  point  1  add  point  2  through  the 
waves  of  compression,  which  depart  from  the  accelerat- 
iner  piston  and  overtake  the  disruption  front.  The 
strengthening  of  the  wave  in  the  area  x-t  is  expressed 
by  the  change  in  the  slope  of  line  1-2  in  figure  2, 
which  represents  the  circumvention  of  characteristics 
that  depart  from  line  OA,  which  depicts  the  path  of 
the  piston.  Generally  speaking,  the  temperature  and 
the  pressure  in  the  impact  wave,  formed  from  the  dis¬ 
ruption  at  point  1  in  the  area  x-t,  may  prove  insuffi¬ 
cient  for  the  initiation  of  the  detonation  of  the  gas 
mixture,  and  detonational  ignition  will  occur  only  ax 
ter  the  strengthening  of  the  impact  wave,  i.e.,  some¬ 
where  on  the  line  1-2  in  the  same  area  (figure  2) . 
However,  it  is  further  assumed,  for  the  sake  of  simpli¬ 
city,  that  the  detonation  occurs  as  soon  as  the  dis¬ 
ruption  occurs,  ie.,  at  point  1  in  the  area  x-t. 

The  position  of  point  1  (figure  2)  is  deter¬ 


mined  by  coordinates  x  and  t. 


/  x  (0), 


c  /  x  (0) , 


(10) 


where  c  is  the  speed  of  sound  in  unexcited  gas, 
x(0)  is0 the  acceleration  of  the  piston  at  the  begin¬ 
ning  of  its  movement  (12).  The  acceleration  of  the 
piston  x(0) ,  equal  to  an  accepted  approximation  to  the 
acceleration  of  the  flame  at  the  beginning  of  the  pro¬ 
pagation,  will  be  determined  by  the  law  of  dependence 
{of  the  flame  velocity  on  the  velocity  of  the  movement  o^i 
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gas.  The  dependence  of  t£  flame ,^°' 

represented  by  means  of  the  relationship^ - 

~~  (Bv^Tuf)  =  CUpaII  +  ( ^Bk  w  /uH), 


H'  ’ 
(11) 


where  B  is  the  constant  multiplier  of  the  order  of^un- 

«y,  v  is  the  “*f“e^atic  vel. ’verity,  0  is  the 
pulsations,  u~  is  the  nor  ccount  the  increase  m  t 

coefficient  which  takes  irregular  distribution  of 

the  flame  surface  due  to  tieJ;r2Uiar  t  of  the  tube , 

velocities  of  the  stream  along  the  diameter  ox 

k  is  the  degree  of  turbulence,-  4  case  of 

The  inter-relationship  (11),  m  the  case  ox 
iiae  1IAUC  ,  _  _  \  4- ~  rv-n  -hhp  form: 


my,  <£i  1  \ /  7 

weak  turbulence  (t<%)  takes  on  the  form: 

up  ~  OuH-(l+-  B'k2w2/  u2)  .  (12) 

^tTSSSSIVun 

.  r„  (15) 

Up  r*/  Ov, 

In  determining  the  acceleration  of  the  the^ap- 
it  must  ^  considered  that  fr o.  the  moment  of  t^P 

increase  °of 

SS!l7of?heh?ube0?utato°all  of  its  cross-sections. 
This  time  is  proportional  to 

D/v,  (14) 

where  DTl5ingeintomaccourt  (llu'ui),  and  (»)  « 
shall  gef acceleration  of  the  flame  for  cases  of 

weak  turbulence  „  ?  3  5 


x  (0) 


(1  +  B'k2w?/u|)  -  CU] 


Ck^w^ 


and  for  cases  of  strong  turbulence 

£(0W  Ck2w2  /O  , 


05) 


(16) 
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where  w  is  the  velocity  of  the  unhurried  gas  at  the 
^ pcr-irmiSe  of  the  acceleration  of  burning. 

6  The  distance  from  the  closed  end  of  the  tube , 
where  the  ignition  of  the  gas  mixture  occurs,  to  the 
point  of  origin  of  the  detonation,  considering  that 

w  .  c  (T r-  l)Uo,  proves  to  be  proportional 

O  ^  _  -t 


x^^c^D/C^k^(lf  -l)^Ug 


—  weak  turbulence 

(17) 


Xl^c^D/C5k2(T7  -l)2u|  —  strong  turbulence. 

The  greatest  amount  of  material  on  the  study  of 
the  transformation  of  slow  burning  into  detonation 
a  oic  iH-t-h  thp  case,  which  is  intermediate  between 
tee  extreme  eases  of  weak  and  strong  turbulence  exam- 
ined  above._  |^MS. 

f8r»ied!nto  k0  (1r  -  1  )  2L  1  •  09) 

Rearing  in  mind  that  for  smooth  tubes  k<~0.05,  for 
the  colrse  tubes  k~0.1,  and  IT  for ' 
for  which  experimental  studies  are  availab  , 
the  order  of  7-8  and  C  2-3,  we  shall  get 

0.6  ;6  kC  (tt  -  1  )  2  , 

-ppenitant  kC  (  -  1)  does  not  differ  much 

i^’one  ^  consequently,  v  does  not  differ  much  from 
T’Vip  h i  stance  from  the  point  of  ignition  to  the 
p§int  of  origin  of  the  detonation  must  therefore  be  con¬ 
sidered  proportional  to 


x^c^/cV  (tr-i)%f  ,  (20) 

where  n  is  of  the  order  of  3-4  and  m  is  between  2  and 

From  the  inter-relationship  (20)  and  in  agree- 
t  with  exoeriment  it  follows  that  the  distance  from 
of Sion  to  the  point  of  the  origin  of  the 
detonation  is  proportional  to  the  ^be  diameter  and  in- 
c-pppqes  as  the  speed  of  sound  increases.  The  distance 

hifSeuXnom  S^expSuiBent! 

teit^the'Scrfasfin  coarseness  of  the  tube) ^/-ally , 
the  quantity  x-j^  decreases  as  the  ratio  j 
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of  the  products  of  burning  to  the  initial  volume  of 
the  mixture  increases  (with  the  increase  in  tt  ) • 

Formula  (20)  points  to  a  strong  dependence  of 
the  distance  between  the  point  of  ignition  and  the 
point  of  origin  of  the  detonation  on  the  coefficient. 

C  which  dependence  takes  into  account  the  increase  m 
the  flame  velocity  under  the  effect  of  irregular  dis¬ 
tribution  of  the  gas  velocities  in  front  of  the  flame 
along  the  corrs-section  of  the  tube.  In  smooth  and 
coarse  tubes  the  coefficient  varies  little  in  the. pro¬ 
cess  of  the  pre-detonational  acceleration. of  burning; 
it  does  not  increase  and  therefore ,. the  distribution  of 
velocities  represents  not  the  principal  but  a  secondary 
factor  determining  the  acceleration  of  the  flame.  H 
ever,  special  cases  are  possible,  in  which  the  mechan- 
ism  proposed  by  Zel’dovich  is  realized  and  in  which  the 
changes  in  the  coefficient  C,  and  consequently,  the. ef¬ 
fect  of  the  distribution  of  velocities  on  the  veloci¬ 
ties  of  burning,  can  become  determining  factors  in  tne 
process  of  thS  formation  of  the  detonation .  The  quan- 
tity  C  can  be  sharply  increased  by  placing  diaphragms 
at  the  beginning  of  the  tube,  through  the  openings  of 
which  the  flame  escapes  far  ahead,  igniting  great  mass¬ 
es  of  gas  add  strongly  increasing  the  surface,  and, 
consequently,  the  velocity  of  burning.  The  powerful 
effect  of  the  diaphragms  on  the  acceleration  of  kurn- 
ing  in  tubes  is  well-known.  The  point  of  the  origin  of 
the  detonation  can  be  brought . sharply  closer  to  the 
point  of  ignition  by  placing  it  the  beginning  of 
tube  a  "detonational  case",  i.e.,  a  volume  with  part¬ 
itions,  which  almost  completely  overlaps  the  cross- 
section  of  the  volume  and  increases  the  path  ol  tne. 
flame  in  it.  Burning  is  accelerated  in  the  detonation- 
ai  case  also  to  a  considerable  degree  due. to  the  great 
irregularity  in  the  distribution  of  velocities. 

As  follows  from  the  facts  described  earlier  the 
inter-relationship  (20)  well  describes  a  large  part  of 
the  experiments.  Its  shortcoming  lies  m  that  it  does 
not  provide  in  manifest  form  the  dependence  of  <panJ?;- 
tv  x,  on  the  initial  pressure  of  the  gas  mixture.  The 
experimental  findings  show  that  in  a  certain  region  of 
pressures  the  distance  x,  contracts  as  pressure. is  in¬ 
creased  to  a  certain  limit,  after  which  the  action  of 
pressure  is  either  weakened  or  ceases  altogether.  It 
was  earlier  shown  (8)  that  in  the  area  where  Pressure 
acts  on  the  transformation  of  slow  burning  into  cLeton- 
at ion,  the  pre-detonational  burning  accelerates  as  the 
L  pressure  is  increased.  This  acceleration  cannot  J 
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r  explained  by  the  dependence  of  normal  velocity  on  P^es- 
sure,  which  gives  a  reverse  effect.  It  remains  to  he 
assumed  that  the  increase  of  initial  pressure  within 
certain  Smits  increases  the  turbulence  of  the  mixture. 

The  increase,  within  certain  limits,  of  the  Reynolds 
numbers  of  the  gas  stream  in  front  of  the  accelerating 
flame  may,  in  the  non-stationary  case  under  discussion, 
strongly  facilitate  the  development  of  the  turbulence. 

-  It  is  interesting  to  note  one  peculiarity  in  the 

process  of  the  formation  of  the  detonation,  which  is  eas¬ 
ily  explained  from  the  viewpoint  of  the  mechanism  de¬ 
scribed  of  the  transformation  of  slow  burning  to  detona¬ 
tion.  In  the  majority  of  cases  of  the  appearance  of  a 
detonation,  the  ratio  of  the  distance  from  the  closed 
end  of  the  tube,  where  the  ignition  of  gas  occurs  up  to 
the  point  of  the  detonation  divided  by  the  time  elapsed 
fromPthe  moment  of  ignition  to  the  moment  of  the  origin 
of  the  detonation  is  equal  precisely  to  the  speed  of 
sound  in  the  unexcited  gas  mixture.  From  figure  2  it 
follows,  obviously,  that  if  the  detonation  originates 
at  point  1  in  area  x-t  (figure  2),  where  the  circumven¬ 
tion  of  characteristics  1-2  begins,  then  the  mention 
relationship  x,  4-  t,  is  exactly  equal  to  the  speed  of 
sound  because  ioint1!  is  situated  on  the  first  charact 
eristic,  x  =  c  t,  which  goes  through  the  beginning  of 
the  coordinated.  In  that  case,  when  the  detonation 
originates  not  at  point  1,  but  somewhere  on  the  line 
1-2  between  points  1  and  2,  then  the  ratio  of  the  di 
tance  from  the  point  of  ignition  up  to  the  point  oi  the 
origin  of  the  detonation  divided  by  the  time  elapsed 
from  ignition  up  to  the  moment  of  the  origin  of  the  de 
tonation  will  exceed  the  speed  of  sound,  c.  In  this 
rase  it  is  useful  to  take  into  account  that  the  origin 
of  the  detonation  between  points  1  and  2  points  oe 
fact  that  the  temperature  add  the  p ressure  of  the  wave, 
which  originates  at  point  1  m  the  area  x-t,  are  msu 
ficient  for  the  detonational  ignition  of  the  gas. 

Not  excluded  are  cases  when  the  ratio  of  the  a 
tance  from  the  point  of  ignition  up  to  the  point  of  the 
start  of  the  detonation  divided  by  the  time  elapsed 
from  the  moment  of  ignition  up  to  the  moment  of  the  ori¬ 
gin  of  the  detonation,  will  be  lower  than  th®  e® d  ? 
sound,  c  ,  but  this  always  testifies  to  the: fact  that 
the  acceleration  of  the  flame,  which  had  effected  the  ap¬ 
pearance  of  the  disruption  and  of  the  impact  wave ,  and 
had  led  to  the  formation  of  the  detonation,  began  not 

immediately  after  the  ignition  of  the  mi ?^r?iaSe  was  7  I 
Rafter  some  time,  in  the  course  of  which  the  flame  was  J 
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moving  without  acceleration.  ....  .  . 

In  conclusion,  let  us  examine  three  additional 
possible  cases  of  the  transformation  of  slow  burning 

into  detonation.  .  , 

a)  The  transformation  of  slow  burning  into  deton¬ 
ation  when  the  mixture  is  ignited  at  the  open  ofd  of 
the  tube.  The  first  researchers  into  the  detonation 

had  established  that  when  ignition  is  made  at  the  open  _ 
end  of  the  tube,  the  flame  initially  moves  at  a  cons¬ 
tant  and  comparatively  low  velocity ,  then  the  flame  be¬ 
gins  to  vibrate  and,  finally,  sufficiently  far  insi  e 
the  tube  it  accelerates  and  passes  into  detonation,  it 
we  place  a  wire  spiral  at  the  open  end  of  the  tube,  a 
spiral  which  creates  resistance  to  the  stream  of  pro¬ 
ducts  of  burning  flowing  from  the  tube,  then  the  accel- 
eratioh  of  burning  occurs  on  a  smaller  path,  and  the 
stage  of  vibrational  burning  is  absent.  From the  mere 
description  of  these  facts  it  becomes  clear  that  the 
acceleration  of  burning,  when  ignition  occurs  at  the 
open  end  of  the  tube,  comes  about  only  when  the  un¬ 
burned  gas  in  front  of  the  flame  picks  up  motion  and 
acquires  velocity  inside  the  tube  in  the  direction 
from  the  open  to  the  closed  end.  As  long  as  the  pro¬ 
ducts  of  burning  are  freely  flowing  out  through  the 
open  end  of  the  tube,  no  acceleration  occurs.  Hamper¬ 
ing  the  flow  of  the  products  of  burning  by  the  spiral 
as  they  leave  the  tube  facilitates  the  acceleration  of 
burning,  because  it  accelerates  the  movement  of  the  un¬ 
burned  gas.  .  ,  .  ,  -v 

b)  The  origin  of  the  detonation  in  a  short  tube. 

When  gas  is  ignited  at  the  closed  end  of  the  short 
tube,  the  length  of  which  is  comparable  to  the  length 
of  the  pre-detonational  path  of  the  flame ,  a  substantial 
role  is  played  by  the  repulsion  of  the  waves  of  compres¬ 
sion  from  the  closed  end  of  the  tube,  which  is  opposite 
to  the  point  of  ignition  (figure  5)* 


Figure  5 
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1  In  the  short  tube,  as  a  result  of  the  repulsion  men-  1 

tioned,  the  detonation  can  originate  closer  to  the  point 
of  ignition  than  in  the  case  of  a  long  tube,  other  con¬ 
ditions  being  equal.  Sometimes  igntion  occurs,  when 
the  wave  is  repulsed  from  the  end  of  the  tube,  at  a  fair¬ 
ly  considerable  distance  ahead  of  the  front  of  the  ex¬ 
panding  flame.  It  is  clearly  seen  from  the  last  example 
that  the  origin  of  the  detonation  at  the  very  end  of  the 
—  tube,  where  there  is  no  acceleration  of  burning,  does 
not  at  all  contradict  the  aerodynamic  nature  of  the  ac¬ 
celeration  of  pre-detonational  burning,  as  long  as  we 
do  not  forget  that  the  formation  of  the  impact  wave  is 
a  result  of  the  acceleration  of  burning  in  parts  of  the 
tube  near  the  point  of  ignition  and  distantly  removed 
from  the  point  of  the  origin  of  the  detonation,  j^., 
in  those  parts  of  the  tube  in  which  exist  the  movement 
of  the  gas  and  the  turbulence,  necessary  for  the  accel¬ 
eration  of  the  flame. 

c)  The  effect  of  the  shifting  of  burning  on  the 
formation  of  the  detonation.  From  the  aerodynamic 
point  of  view,  it  is  easy  to  explain  the  otherwise  in¬ 
comprehensible  effect  of  the  small  shift  of  ignition 
from  the  butt-end  of  the  tube  on  the  origin  of  the  de¬ 
tonation.  It  turns  out  that  if  the  mixture  is  ignited 
not  in  the  proximity  of  the  butt-end  of  the  tube ,  but 
several  centimeters  from  it,  then  the  detonation  orig¬ 
inates  considerably  closer  to  the  beginning  of  the  tube 
than  in  cases  of  ignition  directly  at  the  butt-end  of 
the  tube.  It  is  easy  to  see  that  in  this  case,  the  in¬ 
itial  speed  of  the  movement  of  unburned  gas  gradually 
increases,  which  facilitates  the  acceleration  of  burn¬ 
ing,  from  the  viewpoint  elaborated  earlier  here. 

It  must  be  noted  in  conclusion  that  the  theory 
of  the  transformation  of  slow  burning  into  detonation 
in  tubes  deserves  attention  in  connection  with  the  pro¬ 
blems  of  techniques  of  explosion  safety  and  iin  connect¬ 
ion  with  the  necessity  for  a  clear  conception  of  the 
possible  causes  of  the  acceleration  of  burning  to  high 
speeds  and  the  causes  of  the  origin  of  impact  waves  in 
the  burning  of  gas-  and  dust-air  mixtures. 
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